Introduction
Gastric cancer (GC) has become one of the most common malignant cancers, with a high mortality rate. 1 Almost 70% of GC cases and deaths occur in developing countries, and 50% of cases are seen in eastern Asian countries such as Japan and China. 2 Unfortunately, there are no early signs of GC; most patients are diagnosed at a late stage, and therefore the effect of treatment is very poor in such cases. 3, 4 Thus, it is necessary to find effective markers and develop new therapies for GC. Epithelialmesenchymal transition (EMT) plays a crucial role in cancer progression, such as in metastasis. 5 The main character of EMT is the gain of mesenchymal properties and loss of epithelial properties, thereby promoting cell migration and invasion. 6 However, the detailed mechanism of EMT in GC is still not clearly known.
Sirtuin family consists of SIRT1-SIRT7. Increasingly, studies have shown that sirtuin family exhibits ADP-ribosylase and ADP-deacetylase activities and is involved in several cellular processes, including longevity, stress response, and metabolism.
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sun et al (NAD+)-dependent deacetylase activity. 10 Several reports suggest that SIRT4 plays a key function in the regulation of cellular metabolism and maintenance of genomic stability. [11] [12] [13] [14] Many studies indicate SIRT4 serves as a tumor suppressor and inhibits cell growth and proliferation as well as transformation through suppressing glutamine anaplerosis. 13, [15] [16] [17] In addition, the inhibition of glutamine metabolism has been found to result in phosphorylation and activation of p53, thereby maintaining genomic stability. 18 Moreover, a clinical meta-analysis reveals that the mRNA expression of SIRT4 is selectively downregulated in a variety of malignant carcinomas such as lung cancer. 13 Downregulation of SIRT4 is closely correlated with several aggressive cancers, including breast cancer, colorectal cancer, and GC. 13, 19, 20 However, the detailed mechanisms of SIRT4 in GC are not completely known.
In the present study, we found that SIRT4 was downregulated in GC tissues and cell lines, and its expression was associated with the tumor size, metastasis, and pathological grade. Interestingly, low expression of SIRT4 predicted a poor prognosis. Moreover, SIRT4, a tumor suppressor, inhibited cell proliferation. In addition, SIRT4 regulated E-cadherin expression, thereby suppressing EMT and cell migration as well as invasion of GC cells. In conclusion, we suggest SIRT4 as a novel therapeutic target for GC.
Materials and methods cell lines
Human GC cell lines, MKN-45 and HGC-27, and human normal gastric mucosal cell line GES-1 were purchased from the Cancer Research Institute of Central South University (Changsha, People's Republic of China). All cells were incubated with RPMI-1640 medium supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) as well as 20% fetal bovine serum (FBS; Thermo Fisher Scientific) at 37°C in a humidified incubator with 5% CO 2 . All cell lines were approved by the Clinical Research Ethics Committee of Changyi People's Hospital.
Patients and specimens
A total of 86 pairs of GC tumor tissues and adjacent normal tissues were obtained from patients who were diagnosed with GC in Changyi People's Hospital during 2013-2016. All the patients were informed about the experiments and signed informed consent. The tissues-associated experiments were approved by the Clinical Research Ethics Committee of Changyi People's Hospital. The patients did not receive any therapy, such as radiotherapy or chemotherapy, before surgical operation. The clinicopathological characteristics of the tumor tissues, including TNM stage, tumor size, metastasis, and differentiation, were determined and diagnosed independently, according to the WHO guidelines of classification.
Plasmid and cell transfection
Empty vector (pCMV-Tag2B) and plasmids containing SIRT4 were purchased from OriGene (Rockville, MD, USA). Scramble siRNA (SCR) and SIRT4 siRNA (siSIRT4) were bought from Dharmacon (Lafayette, CO, USA). All transfections were performed using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's instructions. After transfection for 48 h, the cells were collected and used for further experiments (siSIRT4#1: 5′-AAGAGTTACAGCGCTTCATCACC-3′ and siSIRT4#2: 5′-CGATTGCAATACTGAACATTGG-3′).
rna extraction and quantitative real-time polymerase chain reaction (qrT-Pcr)
TRIzol reagent (Invitrogen) was used to extract total RNA from tissues or cells according to the manufacturer's instructions. For RNA extraction, 2 μg cDNA was reversetranscribed using TransScript First-Strand cDNA Synthesis SuperMix (TransGen, Beijing, People's Republic of China) according to the manufacturer's instructions. Then, qRT-PCR was performed using TransStart Top Green qPCR SuperMix (TransGen). Relative mRNA expression was normalized against GAPDH. The relative expression was analyzed by the 2 −ΔΔCt method.
Western blotting
RIPA buffer was used to extract total protein from the tissues and cells according to the manufacturer's instructions. Protein concentration was measured using a protein assay kit (Thermo Fisher Scientific). Equal amounts of total protein (40 μg) were separated using 8% SDS-PAGE, and then transferred to nitrocellulose filter membranes (EMD Millipore, Billerica, MA, USA) and blocked in 5% skimmed milk in PBST (Beyotime Institute of Biotechnology, Haimen, People's Republic of China) at room temperature for 1 h. The membrane was incubated with the indicated antibodies at 4°C overnight, followed by washing with PBST for three times and incubating with an HRP-conjugated secondary antibody (Abcam) at room temperature for 1 h. After washing with PBST three times, the blots were detected using the enhanced chemiluminescence system (EMD Millipore).
colony formation assay
Colony formation assay was performed to determine the effect of SIRT4 on cell proliferation. In brief, approximately cell counting Kit (ccK)-8 assay CCK-8 assay was performed to detect the effect of SIRT4 on cell proliferation according to manufacturer's instructions. In brief, after transfection for 48 h, cells were collected and counted. Approximately 4 × 10 3 cells with 200 μL RPMI-1640 medium were seeded in 96-well plates, followed by which 20 μL CCK-8 solution was added to each well and incubated for 30 min at 37°C with 5% CO 2 . The absorbance of optical density 450 was measured using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Wound-healing assay
After transfection, MKN-45 and HGC-27 cells were cultured in 12-well plates. A 20 μL pipette tip was used to scratch a line wound when cells had grown to 70%-80% confluence. Subsequently, the detached cells were washed with PBS for three times, and the cells were cultured in fresh RPMI-1640 medium. Cell wound areas were imaged under a light microscope at the set treatment time points (0 and 36 h). The width of the cell wound was measured by ImageJ software. Distance of migration was calculated as follows: (width of wound at 0 h − width of wound at 36 h)/width of wound at 0 h × 100%.
Transwell assay
Transwell assays were performed to determine the effect of SIRT4 on cell invasion according to the description given earlier. 21 Briefly, invasion chamber with 8 μm pores (Corning, Corning, NY, USA) was coated with 80 μL Matrigel and incubated at 37°C for 30 min. Approximately 3 × 10 4 transfected MKN-45 and HGC-27 cells with 500 μL serum-free RPMI-1640 medium were added to the upper 24-well chambers, and RPMI-1640 supplemented with 10% FBS was added into the lower chamber. The chambers were incubated at 37°C for 24 h. After removing the noninvading cells on the upper surface of the membrane with a cotton swab, the invading cells on the lower surface of the membrane were stained with 0.5% (w/v) crystal violet and counted under a light microscope.
soft agar assay
Soft agar was used to determine the effect of SIRT4 on cell anchorage-independent growth ability. Briefly, 2X RPMI-1640 media which contained 20% FBS and equal volumes of 1.2% agar were mixed at 37°C for 30 min, with 0.6% agar as base agar, in six-well plates. SIRT4 was overexpressed or knocked down in MKN-45 and HGC-27 cells, and 3 × 10 4 cells were suspended in 1.5 mL of 0.7% agar and 1.5 mL of 2X RPMI-1640 (with 20% FBS), and then were seeded into each well. Cells were incubated at 37°C with 5% CO 2 for 16 days. Colonies were stained with 0.5% crystal violet, and the number of colonies was counted under a light microscope.
enzyme-linked immunosorbent assay (elisa)
MKN-45 and HGC-27 cells were collected and plated into six-well culture plates at a density of 2 × 10 5 cells/well. Cell supernatants in serum-free medium were homogenized and harvested 72 h later and centrifuged at 1,000 g for 20 min. The levels of MMP2 and MMP9 were subsequently determined using commercially available ELISA kits (USCN Life Science, Houston, TX, USA), according to the manufacturer's instructions.
statistical analysis
All data were analyzed by SPSS version 18.0 for Windows. The correlation between SIRT4 expression and clinicopathological factors was analyzed using χ 2 test. The differences between the two groups were analyzed by Student's t-test. Each experiment was done at least three independent times, and the results are shown as mean ± SD. p , 0.05 was considered as statistically significant.
Results
Downregulation of sirT4 expression correlates with clinicopathological factors and poor prognosis in gc patients
Previous study has found that SIRT4 is downregulated in GC, but the detailed functions of SIRT4 have not been known. Here, we first detected the expression of SIRT4 in 86 GC tissues using qRT-PCR and Western blotting analysis, respectively. Adjacent normal tissues were used as control. As shown in Figure 1A , the expression of SIRT4 was significantly decreased in tumor tissues compared with the adjacent normal tissues ( Figure 1A ). Subsequently, we detected the expression of SIRT4 in human GC cell lines, including MKN-45 and HGC-27, and human normal gastric mucosal cell line GES-1. The results showed that the SIRT4 expression in MKN-45 and HGC-27 cells was less than that of GES-1 cells ( Figure 1B 
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sun et al significance of SIRT4 protein in GC tissues, we analyzed the relationship between clinicopathological parameters and SIRT4 expression. We found that SIRT4 expression had no correlation with age ( p = 0.639) and gender ( p = 0.618). However, the expression of SIRT4 was negatively correlated with the tumor size ( p , 0.001), pathological grade ( p = 0.044), and lymph node metastasis ( p = 0.034), suggesting that SIRT4 might play a crucial role in tumor proliferation and invasion in GC (Table 1) . In addition, analysis of survival data using Kaplan-Meier assay suggested the patients with Figure 1C ). Taken together, downregulation of SIRT4 correlates with clinicopathological factors and poor prognosis in GC patients.
sirT4 suppresses gc cell proliferation
To explore the role of SIRT4 in human GC, we performed gain-of-function and loss-of-function studies by transfecting SIRT4 plasmid or SIRT4 siRNA into MKN-45 or HGC-27 cells. The transfection efficiency was determined by qRT-PCR and Western blotting analysis (Figure 2A and B) . The efficiency of SIRT4 siRNA#1 was higher than SIRT4 siRNA#2. Because of the correlation between SIRT4 expression and tumor size, we detected the effect of SIRT4 on cell proliferation using CCK-8 and colony formation assays. The results of CCK-8 assay indicated that overexpression of SIRT4 significantly led to decreasing the growth rate of MKN-45 and HGC-27 cells as compared with that of the vector-transfected cells ( Figure 2C ). On the contrary, the inhibition of SIRT4 obviously increased the growth rate of MKN-45 and HGC-27 cells as compared with that of the scramble siRNA (SCR)-transfected cells ( Figure 2C ). Similar results were observed in colony formation analysis, which showed that ectopic expression of SIRT4 decreased the number of colonies in MKN-45 and HGC-27 cells, but the inhibition of SIRT4 increased the number of colonies in MKN-45 and HGC-27 cells ( Figure 2D ). In conclusion, SIRT4 serves as a tumor suppressor and suppresses GC cell proliferation.
sirT4 inhibits gc cell migration and invasion
Metastatic disease is still a major problem in the management of GC. The effects of SIRT4 on invasion of GC cell lines were detected using a wound-healing assay and transwell assay. As shown in Figure 3A , the ectopic expression of SIRT4 markedly suppressed GC cells' migration ability; however, the knockdown of SIRT4 enhanced the GC cells' migration ability. Transwell assay was performed to determine the effect of SIRT4 on cell invasion, which revealed the overexpression of SIRT4 inhibited cell invasion, but SIRT4 knockdown promoted cell invasion ( Figure 3B ). MMP2 and MMP9 have been found to be strongly associated with tumor aggressiveness and poor prognosis in several human cancers. 22, 23 Subsequently, we detected whether SIRT4 also regulated MMP2 or MMP9 secretion using ELISA, which revealed ectopic expression of SIRT4 led to decreasing MMP2 or MMP9 secretion; however, inhibition of SIRT4 promoted MMP2 or MMP9 secretion ( Figure 3C ). These data demonstrate that SIRT4 inhibits GC cell migration and invasion through regulation of MMP2 or MMP9 secretion. To further investigate whether overexpressing or knocking down SIRT4 could reduce or increase "transformation", we performed soft agar assays. The result suggested that overexpression of SIRT4 reduced MKN-45 cell transformation, and knocking down SIRT4 increased MKN-45 cell transformation ( Figure 3D ).
sirT4 suppresses eMT through promoting e-cadherin expression
Tumor invasion and metastasis are complex cellular processes and regulated by several cellular processes, such as loss of cell-cell adhesion which is frequently accompanied by downregulation of E-cadherin. 24 Previous work has indicated that SIRT4 regulates E-cadherin expression. 20 To further investigate the mechanism by which SIRT4 regulates cell invasion and migration in GC, we assessed the association between E-cadherin expression and SIRT4 in MKN-45 and HGC-27 cells by qRT-PCR and Western blotting analyses. We found that the mRNA and protein levels of E-cadherin were significantly upregulated with SIRT4 overexpression and downregulated with SIRT4 knockdown (Figure 4A and B). Moreover, we also detected other EMT-associated proteins, including N-cadherin and vimentin. As shown in Figure 4C and D, ectopic expression or knockdown of SIRT4 had no effect on the mRNA levels of N-cadherin and vimentin; however, the protein levels of N-cadherin and vimentin were significantly downregulated with SIRT4 overexpression and upregulated with SIRT4 knockdown, suggesting that SIRT4 might suppress EMT through regulation of E-cadherin. In addition, we also detected whether SIRT4 regulated EMT-associated transcription factors, such as slug, snail, and twist. As shown in Figure 4E , the result indicated that the ectopic expression of SIRT4 decreased the expression of slug, and the inhibition of SIRT4 increased the expression of slug. However, the expression of SIRT4 had β β Figure 2 sirT4 suppresses gc cell proliferation. (A) MKn-45 and hgc-27 were transfected with vector or sirT4, scramble sirna (scr), or sirT4 sirna (sisirT4). after transfection for 48 h, the mrna level of sirT4 was determined using qrT-Pcr. sirT4 vs vector and sisirT4 vs scr, *p , 0.05. (B) MKn-45 and hgc-27 cells were transfected with vector or sirT4, scramble sirna (scr), or sirT4 sirna (sisirT4). after transfection for 48 h, the protein level of sirT4 was determined using Western blotting. (C) The effect of sirT4 on cell proliferation was analyzed by ccK-8 assay. sirT4 vs vector and sisirT4 vs scr, *p , 0.05. (D) colony formation assay was performed to detect the effect of sirT4 on cell proliferation. sirT4 vs vector and sisirT4 vs scr, *p , 0.05. sisirT4#1: 5′-aagagTTacagcgcTTcaTcacc-3′; sisirT4#2: 5′-cgaTTgcaaTacTgaacaTTgg-3′. Abbreviations: ccK-8, cell counting Kit-8; gc, gastric cancer; OD, optical density; qrT-Pcr, quantitative real-time polymerase chain reaction.
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sirT4 inhibits cell proliferation, migration, and invasion in gc no effect on the expression of snail and twist ( Figure 4E ). Whether SIRT4 regulates E-cadherin expression through regulation of slug still needs to be further investigated.
Discussion
Aberrant expression of SIRT4 has been observed in GC and is correlated with pathological grade, depth of tumor invasion, and positive lymph node. 19 However, the detailed mechanism of SIRT4 in GC continues to be unknown. In our work, qRT-PCR and Western blotting analyses revealed that the expression of SIRT4 was obviously downregulated both in GC tumor tissues and cell lines. Moreover, ectopic expression of SIRT4 suppressed cell proliferation, migration, and invasion. These results highlight SIRT4 serves as a tumor suppressor in GC.
EMT plays a crucial role in cancer progression, such as metastasis, 5, 25 during which epithelial cells lose polarity and cell-cell junctions, resulting in a mesenchymal cell phenotype. 26 Loss of expression of epithelial cell markers, such as E-cadherin, and gain of expression of mesenchymal genes, such as N-cadherin and vimentin, are the main characteristics of EMT. 27, 28 In the present study, SIRT4 suppressed cell migration and invasion through increasing the expression of E-cadherin and decreasing the expression of N-cadherin and vimentin. This finding suggested that SIRT4 suppressed EMT process. Interestingly, both mRNA and protein levels of E-cadherin were regulated by SIRT4, but only protein levels of N-cadherin and vimentin were regulated by SIRT4; SIRT4 had no effect on mRNA levels of N-cadherin and vimentin. The detailed mechanism of SIRT4 in EMT has not been clearly known. We hypothesize that SIRT4 works as a mitochondrial localization protein, and it might take part in several metabolic signaling pathways, regulating some metabolites, thereby suppressing EMT. Meanwhile, MMP2 and MMP9 have been found to be strongly associated with tumor aggressiveness and poor prognosis in several human cancers. 22, 23 We found that SIRT4 also suppressed MMP2 and MMP9 secretions. Several transcription factors play key roles in EMT, including slug, snail, and twist. Here, we found the ectopic expression of SIRT4 decreased the expression of slug, and inhibition of SIRT4 increased the expression of slug. However, the expression of SIRT4 had no effect on the expression of snail and twist. Whether SIRT4 regulated E-cadherin expression through the regulation of slug still needs to be further investigated.
Previous works have found that SIRT4 is downregulated in lung cancer, breast cancer, colorectal cancer, and GC. 13, 19, 20 Figure 4 sirT4 suppresses eMT through promoting e-cadherin expression. (A) sirT4 was overexpressed or knocked down in MKn-45 or hgc-27 cells. after transfection for 48 h, the mrna level of e-cadherin was detected using qrT-Pcr. sirT4 vs vector and sisirT4 vs scr, *p , 0.05. (B) sirT4 was overexpressed or knocked down in MKn-45 or hgc-27 cells. after transfection for 48 h, the protein level of e-cadherin was detected using Western blotting. (C) sirT4 was overexpressed or knocked down in MKn-45 or hgc-27 cells. after transfection for 48 h, the mrna level of n-cadherin and vimentin was detected using qrT-Pcr. sirT4 vs vector and sisirT4 vs scr. (D) sirT4 was overexpressed or knocked down in MKn-45 or hgc-27 cells. after transfection for 48 h, the protein level of n-cadherin and vimentin was detected using Western blotting. (E) sirT4 was overexpressed or knocked down in MKn-45 or hgc-27 cells. after transfection for 48 h, the mrna level of eMT-associated transcription factors was detected using qrT-Pcr. sirT4 vs vector and sisirT4 vs scr, *p , 0.05. sisirT4#1: 5′-aagagTTacagcgcTTcaTcacc-3′; sisirT4#2: 5′-cgaTTgcaaTacTgaacaTTgg-3′. Abbreviations: eMT, epithelial-mesenchymal transition; qrT-Pcr, quantitative real-time polymerase chain reaction.
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Our findings indicate that SIRT4 is downregulated in GC tissues and cell lines and acts as a tumor suppressor. SIRT4 inhibits cell proliferation, migration, and invasion. In conclusion, we suggest SIRT4 works as a novel therapeutic target of GC.
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